Summary-The frequency content of the surface electromyogram (EMG) of the anterior temporal and masseter muscles of 14 normal adults was obtained during maximum clench in intercuspal position, as well as at different bite force levels. Frequency analysis was carried out by computer using a fast Fourier transform algorithm to obtain the power-spectral density function and the power spectrum of the EMG signal. Bite force was monitored by a force transducer placed intra-orally. The power spectra of the anterior temporal muscle during maximum clench in intercuspal position were significantly wider than those of the masseter muscle, indicating that the EMG of the former muscle contained more power at high frequencies than that of the masseter muscle. Increase in bite force produced, in both muscles, a power-spectrum shift to lower frequencies. The shift was probably caused by recruitment of larger motor units and by increase in synchronization between them. Different contents of A, B and C fibres and/or differences in thickness of skin covering the muscles could account for the differences between the temporal and masseter muscle power spectra. 
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1NTRODUCTlON
Electromyograms (EMG) can be analysed quantitatively in the time or frequency domain. Frequency analysis is carried out by a filter-bank analyser or by a digital computer using a fast Fourier transform algorithm to generate the power-spectral density function and the power spectra of the signal (Bendat and Piersol, 1971 ). Both systems have been used to investigate the frequency content of the EMG (Kadefors and Petersen, 1970; Kwatny, Thomas and Kwatny, 1970; Duxbury et al., 1975) . In the last decade, more attention has been focused on frequency analysis, particularly because it offers a method of studying the motor-unit action potential in the EMG signal, even when this is obtained at high-contraction levels and the individual motor-unit action potentials are buried in the interference pattern. Indeed, the power spectrum of the EMG signal is directly related to the conduction velocity of the muscle-fibre action potential (Lindstrom, Magnusson and Petersen, 1970; Kadefors, Petersen and Broman, 1973) and therefore inversely to the average duration of the motor-unit action potentials composing the EMG signal (Kaiser and Petersen, 1963, 1965; Kadefors et al., 1973) . Furthermore, the shape of the power spectrum is also determined by the degree of synchronization between motor units (Person and Libkind, 1970) .
A common complaint of patients with functional disturbances of the masticatory system (dysfunctional patients) is muscle pain. Derijk, Jones and Keith (1977) reported two types of masseter-muscle EMG in dysfunctional patients: a high-frequency and a lowfrequency pattern. This observation suggested that EMG frequency analysis may help in understanding muscle dysfunction. However, before this technique can be used to study muscle function and dysfunction, it is necessary to define the EMG power spectrum of the masticatory muscles of normal subjects, and to investigate how various parameters may affect it. One of these parameters is bite force. The study of the effect of bite force on the frequency content of the EMG is important because dysfunctional patients have a significantly lower maximal bite force than normal subjects (Molin, 1973; Helkimo, Carlson and Carmeli, 1975) . Furthermore, the effect of the contraction level on the EMG frequency content has not been definitively established (Kwatny et al., 1970; Lindstrom et al., 1970; O'Donnel et al., 1973; Duxbury et al., 1975; Duxbury, Hughes and Clark, 1976) .
Our purpose was to investigate, in normal subjects, the frequency content of the EMG signal of the temporal and masseter muscles during maximum clench in intercuspal position, as well as at different bite forces.
MATERIALS AND METHODS

Sthjects
This study was of 14 dentulous subjects (12 male, 2 female) aged 21-35 yr. None gave a past or present history of functional disturbances of the masticatory system or of symptoms such as clicking, crepitation and pain in the mandibular joints, muscle pain or fatigue upon chewing, reduced jaw mobility, facial pain, headache and earache. No clinical examination was undertaken. Each subject gave informed consent.
Clinical procedure
Muscle activity was monitored by recording the EMG signals of both anterior temporal and both masseter muscles using bipolar silver electrodes (Grass E 4S, Grass Instruments, Quincy, Mass., U.S.A.) placed 2cm apart in the direction of the muscle fibres, the position being determined by muscle palpation. After vigorously scrubbing the skin with an alcohol-soaked gauze pad, electrode cream (Grass EC2) was applied; adhesive collars were used to secure the electrodes. The earth electrode was attached to the right earlobe. The impedance of the active electrodes was always below 2 kR (Grass impedance meter EZM). The EMG signals were amplified differentially (Grass 7P511) (Grassl, 1977) . An upper and lower ticonium bar, fixed to the dental arches with acrylic resin, were used to position the transducer in the centre of the mouth, half the distance between the first molars, The transducer was fixed to the lower bar. Connection between upper bar and transducer was provided by a ball-and-socket joint placed in the middle of the transducer. The increase in vertical dimension was approximately 5 mm in the first molar region (for details see Palla et (II., 1981) . The amplified signals were recorded on paper and magnetic tape as described for the EMG signals.
The subject, sitting upright in a dental chair in a Faraday room, was instructed to clench for 3 s at maximum in intercuspal position, and to repeat the clench IO times. Between clenches the subject rested for 40 s. After 5 min of relaxation, the force transducer was inserted in the mouth and the subject was asked to clench maximally for 3 s and to repeat this 10 times. In order to avoid muscle fatigue, the subject relaxed for 40s between clenches. Furthermore, the force transducer was removed after the 5th clench for 1 min prior to continuing with the last 6 clenches. This procedure was repeated with the subject clenching on the force transducer at l/2, 1,/4, l/8 and l/16 of the maximal vertical force. To enable the subject to produce the desired bite force and to keep it constant during each clench, the signal of the vertical force component was displayed to him on a storage oscilloscope (Tektronix 5130N, Tektronix Inc., Beaverton. OR 97077, U.S. A.) . No recordings at l/16-maximum were taken on subject KW.
Data processing
The EMG analogue signals were digitized at a sampling rate of 1428 Hz, recorded on magnetic tape and displayed on a graphics terminal for screening. For each clench, the beginning and end of the EMG signal were discarded, and only that portion at constant bite force was selected for analysis. The chosen portions were recorded sequentially on a new tape for subsequent frequency analysis. The procedure allowed editing of approximately 30s of data for each bite condition. The detailed procedure for digitizing and editing was described by Geister, McCall and Ash (1975) and Brown et al. (1979) . EMG frequency analysis was carried out by computer using a fast Fourier transform (FFT) algorithm (Harding, 1976 ) to obtain the power-spectra1 density function (PSDF). The FFT was performed on 512 data points corresponding to 0.36 s of data. The resultant PSDF had a frequency range from 2.79 to 714.29 Hz and a resolution of 2.79 Hz. However, frequencies below 27.90 Hz were discarded for the statistical analysis because the power of the first 10 points of the transform are of dubious value (Brown, 1975) . Prior to the transformation, a straight-line fit was performed to remove any baseline offset or linear drift, and a cosine-bell window was applied. For each muscle and bite condition, we analysed 28.8 s of data by performing 80 FFTs and calculating the mean PSDF. This was found by computing the arithmetic mean of the power at the discrete frequencies for the ensemble of the smoothed PSDFs obtained from the transforms. The method was similar to that used by Brown (1975) .
The PSDF values were listed on a high-speed line printer and stored on magnetic tape for further use, such as computation of the group mean PSDF and of the cumulative power function as well as plotting of the power spectra. The group mean PSDF was calculated for each muscle and bite condition by averaging the PSDFs of 13 subjects (the PSDFs of subject KW were not used in this computation). The power spectrum is a graphic display of the PSDF. The horizontal axis represents the frequency and the vertical axis the power (mean square value of the amplitude of the signal in a given frequency band). Before plotting, the PSDFs were smoothed by using a 5-point leastsquare curve-fitting technique (Savitzky and Golay, 1964 ) and normalized to their maximum value. The cumulative power function, CP(f), represents the percentage of the total power below a discrete frequency. We calculated the frequencies at which 10, 25. 50, 75 and 90 per cent of the total power occurred (FlO, F25, F50, F75, F90) and the bandwiths between 10 and 90 and between 25 and 75 per cent of the total power (B1&90, B25-75). These values enabled us to characterize the shape of the power spectra, and were used in the statistical tests.
In addition to the PSDF, we computed the root mean square (r.m.s.) voltage of the EMG signal for each muscle and bite condition. 28.8 s of data were divided in 41 samples of 0.7 s each, and the r.m.s. voltage was computed for each second sample. Mean r.m.s. voltage and standard deviation (SD) were calculated from these r.m.s. values. Any baseline offset was removed by subtracting the mean of the first sample from the value of each data point before computing the r.m.s. voltage.
The 3 bite force components were measured from the paper recordings to the nearest 0.1 mm, converted to Newtons (N) and the resultant bite force (F,) calculated (Palla et al., 1981) . The measurements were performed twice for every clench, giving 22 values for each clench series. The values were averaged to determine mean F, and SD for each bite force.
Stutisticul analysis
Multivariate and univariate analysis of variance for repeated measures on the same subject (Rao, 1952; Winer. 1971 ) were used to test the null hypothesis of 
RESULTS
Power spectra obtained at maximum clench in intercuspal position
The mean frequencies at 10, 50 and 90 per cent of the cumulative power for all subjects are given in Table 1 , and the normalized-group mean power spectra of the left masseter and temporal muscle in Fig. 1 . Visual comparison of these spectra reveals that the temporal-muscle EMG generally produced a wider spectrum than the masseter EMG. The difference was due to a more pronounced power decay of the masseter-muscle spectrum at frequencies higher than approx. 80Hz. Consequently, the EMG highfrequency components of this muscle were of smaller amplitude than those of the temporal muscle. Multivariate analysis of variance confirmed that the group mean power spectra of the temporal muscle were significantly wider than those of the masseter muscle (JJ < 0.025). No statistically significant difference was found among the left and right side for both muscles (p < 0.05).
The peak frequencies of the group mean power spectra were 64.17 Hz for the right and 78.12 Hz for the left temporal muscles; 75.34 Hz for the right and 78.13 Hz for the left masseter muscles.
Effect of bitefbrce 011 the PSDF
The normalized-power spectra of the right masseter muscle showed that increasing the bite force produced a power spectrum shift to lower frequencies (Fig. 2) . The most pronounced shift occurred between maximum and half-maximum bite force. The mean frequency, F50, shifted continuously with decreasing bite force for both masseter muscles throughout 1/16-maximum, for the right temporal muscle throughout l/8-maximum and for the left temporal muscle throughout l/4-maximum (Table 2 ). These findings indicated that the frequency of the surface EMG decreased with increasing bite force.
A 4-factor multivariate analysis of variance proved that the group mean power spectra obtained at different bite forces varied significantly (p < 0.0005). However, bite force did not have the same effect on all the subjects, nor on the two muscles (significant interactions force-subject and force-muscle: p < 0.0005). Indeed, Fig. 3 shows the individual pattern in the variation of the F50 at different force levels for the right masseter muscle, The F50 of the left masseter and of both temporal muscles exhibited similar variations. Since the correlation coefficients between the frequencies at the 10,25, 50, 75 and 90 per cent of the G'(f) and the bandwiths BlCk90 and B25-75 were very high (Table 3) , any of these frequencies can be used to statistically characterize variations in the power spectra shape. The F50 varied significantly at different bite forces @ < O.OOOS), but only the differences between maximum and l/2, maximum and l/4, maximum and l/8 and maximum and l/l6 were significant (Newman-Keuls test; p < 0.01) ( Table 2 ). As indicated in Figs 2 and 3, the main frequency shift occurred between maximum clench and l/2. However, the shift continued, although far less pronounced, at lower forces for most subjects. In 37 of the 52 muscles examined, the shift was present throughout l/&maxi-mum. Furthermore, the individual power spectra indicated that the shift concerned primarily frequencies above approx. 80 Hz. Significance: (1) versus (2) p < 0.01; (1) versus (3) The correlation coefficients calculated between the p < 0.01; (1) versus (4) . creasing bite force. This phenomenon was evident in subjects BR, LY and RC. The left temporal muscle of subject RC and the left and right masseter and right temporal muscle from subject LY did not even show the high frequency shift with decreasing bite force from maximum to l/2-maximum. It is interesting to note that with reference to maximal bite force, these 2 subjects had by far the lowest values (RC 381.40 N; LC 580.22 N) . The mean maximum bite force for the 14 subjects was 770.35 + 190.40N (95 per cent confidence interval 660.41-880.28 N).
Stationarity of the EMG signal
In order to compare the stationarity of the EMG signal throughout each bite condition, the group mean power spectrum obtained from the first 7.2 s of EMG was compared with that from the last 7.2 s. Statistically significant differences were found only for the power spectra of both masseter muscles during maximum clench in intercuspal position. The group mean power spectrum at the beginning was wider than that at the end of the clench series (p < 0.05).
Efect of bite force related to time
DISCUSSION
In 2 subjects, bite force experiments were repeated Increasing bite force produced a power-spectrum 1 week later, and in a 3rd subject after 1 week and shift to lower frequencies. The results agree with the after 1 yr. Although the shape of the power spectra findings of Duxbury et al. (1975 Duxbury et al. ( , 1976 for the masvaried between sessions, bite-force variations pro-seter muscle and by Lindstrijm et al. (1970) for other duced similar power spectra changes in all sessions. striated muscles. The width of the power spectrum is The correlation coefficients for test-retest runs calcu-related inversely to the average duration of the lated between the F50 values at different sessions are motor-unit action potentials (MUAP) composing the given in Fig. 5 .
EMG signal (Cenkovich and Gersten, 1963; Kaiser and Petersen, 1963, 1965; Kadefors et al., 1973) . Force augmentation is produced by an increase in the motoneuron firing rate and by recruitment of new motor units (De Luca, 1979) . Motor units are activated according to their size, the recruitment order being from small to large (De Luca, 1979) . This was also confirmed for the masseter muscle (Yemm, 1977; Goldberg, 1978) . As the duration of the MUAP seems to be related to the size of a motor unit (Buchtal, Guld and Rosenfalk, 1955) , the recruitment of larger motor units at higher bite forces may have increased the average duration of the MUAPs and therefore produced the power-spectrum shift to lower frequencies.
Motor-unit recruitment is the dominant mechanism for force increase up to 30 per cent maximal voluntary contraction (MVC) and plays only a secondary role at higher force levels, particularly above 75 per cent MVC (De Luca, 1979) . We found the most pronounced power-spectra shift at force levels above 50 per cent of maximum clench. Therefore, it is unlikely that this shift was caused solely by recruitment of larger motor units. Another mechanism which may have caused the power-spectrum shift is an increased synchronization of the motor units, as this increases the duration of the interference EMG fluctuation (Person and Libkind, 1970) . Motor units tend to synchronize with increasing muscle contraction (Person and Kudina, 1968) and preliminary results confirmed that this phenomenon can also occur in the masseter muscle (S. Palla, unpublished).
Thus, the power-spectrum shift to lower frequencies with increasing bite force can be attributed both to recruitment of motor units with action potentials of longer duration, and to increased synchronization between motor units.
Mortimer, Magnusson and Petersen (1970) showed, in the cat, that the conduction velocity of the action potential along the muscle fibre decreases under ischemia because of accumulation of metabolic byproducts. This velocity change results in an increased duration of the action potential. Blood-flow studies in the masticatory muscles (Bonde-Petersen and Christensen, 1973; Rasmussen et al., 1977) although inconclusive, suggested that blood flow decreases during maximal contraction. Nilsson and Ingvar (1967) reported that tetanic stimulation of the anterior tibia1 muscle at 50 Hz produced an initial increase in blood flow followed by total arrest. Because in our study clenches were short, an initial increase in blood flow may have occurred during clenching, excluding an accumulation of metabolic by-products even at maximum clench. Moreover, the clenches were spaced with long rest periods, during which reactive hyperaemia occurs (Rasmussen et al., 1977) .
The power spectra of 3 subjects shifted at random or towards a higher frequency range with increasing bite force. Repetition of the experiments in 2 of these 3 subjects at different sessions showed the same power-spectra variations. This indicated actual physiologic changes. Four muscles of these 2 subjects did not show a shift to higher frequencies with decreasing bite force from maximum to l/2-maximum.
These 2 subjects had maximum bite forces far below the group mean. The increase in bite force from l/2 to maximum was similar to that of the other subjects, but the EMG-r.m.s.
voltage increase was approximately 22 per cent below the group mean. As an increase in the synchronization of motor units reflects itself in an increase in the integrated electrical activity (Person and Libkind. 1970) it is possible that synchronization of motor units did not increase as much, or did not have the same effect on the EMG as in the muscles of the other subjects. The results of a preliminary study indicated that synchronization of motor units does not increase in all subjects after varying bite force from l/2 to maximum (S. Palla, unpublished). Furthermore, out-of-phase synchronization is necessary to increase the duration of the EMG interference-pattern fluctuations (Person and Libkind, 1970) . A power-spectrum shift to higher frequencies with increasing muscle contraction was reported for 2 hand muscles by Kwatny et al. (1970) . However, they did not specify whether the highest force level corresponded to the maximal voluntary contraction, Hence, a comparison of their results with ours is not possible.
Except for 4 out of the 56 muscles, the spectra obtained at maximum clench in intercuspal position were wider, and had a higher F50 value, than those obtained at maximum clench on the transducer. Sato (1966) reported a power-spectrum shift to lower frequencies as a function of muscle lengthening. Thus, the presence of the force transducer, which lengthened the elevators. could have accounted for the difference in the power spectra obtained at maximum clench with and without transducer.
The power spectra obtained during maximum clench in intercuspal position had 90 per cent of the power below approximately 290 Hz. Although the shape of the power spectra and, therefore, the frequency content of the surface EMG also depends upon technical factors (Schanne and Chaffin, 1970; Zipp, 1978) the overall shape of the spectra and the frequency range of the main power of the masseter muscle corresponded to that reported previously (Brown, 1975; Duxbury et al., 1975 Duxbury et al., , 1976 . No comparable data were found in the literature for the temporal muscle. The difference in the frequency content of the EMG of the masseter and temporal muscles is not surprising, as differences in the power-spectra width were reported also for other striated muscles (Kaiser and Petersen, 1963; Herberts, 1969; Kadefors and Petersen, 1970) . The greater overall high-frequency content of the temporal-muscle EMG may reflect the different amount of A, B and C fibres in the 2 muscles (Taylor, 1976) . The temporal muscle, the major postural muscle of the mandible (Mailer, 1966) contains more B and C fibres than the masseter (Taylor, 1976) . These muscle fibres form motor units of smaller size than A fibres (Taylor, 1976) , and therefore generate MUAPs of relatively short duration. Herberts (1969) reported that the soleus muscle of the leg had a lower low-frequency content than other striated muscles. The soleus is composed uniformly of type-B fibres (Ezaguirre and Fidone, 1975) . The different shape of the masseter-and temporalmuscles power spectra may be caused in part also by the different thicknesses of the soft tissues covering the 2 muscles, because high skin-resistance lowers the high-frequency content of the EMG (Schanne and Chaffin, 1970; Blinowska and Piotrkiewicz, 1978) .
